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SUMMARY

This is the Final Report on NAS 3-4162 and summarizes over 1600 pages of data
and technical analysis presented in Three Topical Reports on Electrical Mate-
rials for Advanced Space Electric Power Systems.

The areas investigated included Magnetic, Electrical Conductor, Electrical
Insulation and Bore Seal Materials. The bore seal represented ceramic-to-
metal seal technology.

Over a thousand references were reviewed and are presented in the Topical
Reports. Over ninety percent of the magnetic, electrical, thermophysical and
mechanical data presented in the reports were the result of tests conducted
during the program because little effort has been concentrated in this technical
area before. The prime temperature range of interest was 500 to 1600°F ex-
cept for the organic insulating materials where -65°F to 1000°F represented the
interval. Environments considered included air, inert gas, vacuum, and alkali-
metals. The alkali-metals were restricted to the ceramic-to-metal seal in-
vestigations.
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SECTION I

INTRODUCTION

This is the final report on NASA Contract NAS 3-4162 summarizing the pro-
gram and technical observations on magnetic, electrical conductor, electrical
insulation, and bore seal materials suitable for application to advanced space
electric power systems. The bore seal represents ceramic-to-metal technol-
ogy needed to isolate the sensitive insulation components of the stator from the
alkali metal vapor in the cavity of an electric motor or generator. The program
was conducted after it was recognized that the design of advanced space electric
power systems was dependent upon the availability of reliable design data. The
absence of reliable data was confirmed during the literature search which was
completed in the first three months of the program.

The thermophysical properties tested included: specific heat, electrical re-
sistivity, thermal expansion, and thermal conductivity. Magnetic tests con-
ducted included: d-c magnetization, a-c magnetization and core loss, and
constant-current flux-reset properties for high-quality, saturable core reactors.
Mechanical tests included: tensile and compressive strength; elongation and
modulus; Poisson's ratio; creep in vacuum, inert gas, and air; fatigue and
fatigue under steady stress. Electrical properties measured included: dielec-
tric constant, electric strength, power factor, and volume resistivity. Mate-
rial stability, weight-loss in a thermal-vacuum, and the corrosion resistance

of ceramic-to-metal seals in alkali metals were also evaluated.

The work has been compiled in three Topical Reports: Magnetic Materials
(WAED 64.52E)(586 pages), Electrical Conductor and Electrical Insulation
Materials (WAED 64.53E)(760 pages), and Bore Seal Materials (WAED 64. 54E)
(260 pages). Each report also presents the bibliography in its technical field

in a punch card format. Over a thousand references are listed and the presenta-
tion includes a keyword and the material property data available from that ref-
erence. The last section of each report presents the material properties by

type (thermophysical, magnetic, mechanical and compatibility) with a summary
for comparison of materials. The presentation makes it suitable as a design
manual.

All the tests were conducted under similar standards using ASTM specimens
and procedures except were no acceptable test was known. Table I-1 sum-
marizes the test points and the number of specimens used in the investigation.



Sections II, IIT and IV summarize the technical observations on magnetic mate-
rials, electrical conductor and insulation materials, and bore seal materials.
Section V contains recommendations.
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SECTION I1

MAGNETIC MATERIALS

SUMMARY OF TECHNICAL OBSERVATIONS

Depending upon specific requirements of different space power system compo-
nents, the following major groups of magnetic materials were considered in
this study:

1) Materials for the stator core: Ring laminations of Hiperco 27 alloy
(27% Co-Fe) and Hiperco 50 alloy (2% V, 49% Co, 49% Fe) as well as of
Cubex, a doubly-oriented 3-1/4% Si-Fe alloy, are suitable materials

for advanced applications. Major magnetic requirements include a high-
flux carrying capacity and low-core losses at high temperatures; only
serviceable mechanical properties are required for these low-stressed
parts.

2) Materials for the rotor core: Forgings and ring laminations of H-11
Steel (5% Cr, 1% Mo, Fe), Maraging Steels (15and 18% Ni, 9% Co, Fe)

and Nivco alloy (approximately 72% Co, 23% Ni and certain other elements),
represent characteristic rotor materials. A solid or laminated rotor for

a generator or motor is subjected to high rotational speeds which place
high stress on the material. - For example, the material is expected to
possess a high-creep strength at operating temperatures preferably under
0.4% strain in 10, 000 hours at stresses in excess of 40,000 psi. Although
magnetic requirements are secondary for the solid rotor core, an induction
exceeding 8 to 10 kilogauss at operating temperature under normal exci-
tation conditions is expected. The rotor pole pieces are subject to losses
which suggest that they might be either ''slotted' or built from laminations
since their magnetic performance requirements are more critical than
their mechanical needs.

3) Materials for controls and electronic applications, including magne-
tic amplifiers: Tape and ring laminations of Supermendur (domain ori-
ented 2% V, 49% Co, 49% Fe) and Cubex alloy were considered suitable.
High saturation, high permeability, combined with a square hysteresis
loop are desirable in these specific applications.

4) Pole materials for standard control apparatus: AMS5210 (1% Si-Fe)
casting was considered primarily because of its lower losses and better
casting characteristics and higher resistivity than iron.



Figure II-1 displays the high-field induction of all the materials tested as a
function of temperature. At 1400°F both Hiperco alloys reached induction of
18 to 18. 5 kilogauss and Nivco induction of about 10 kilogauss.

Creep data for 0.4 percent creep strain for rotor-type materials and Hiperco
27 at temperatures up to 1100°F as a function of temperature are shown in
Figure I1-2.

Nivco alloy requires a stress of 67, 000 psi to produce 0. 4 percent creep
strain at 1100°F in 10,000 hours. This surpasses the temperature capability
of all other materials tested. The 15% nickel Maraging steel has outstanding
creep strength at 7T00°F, but a temperature increase to 900°F brings about a
rapid decrease in creep strength. The H-11 steel has very useful creep
strength of about 90, 000 psi at 800°F, but loses it rapidly as the temperature
increases.

In considering the above data, the following grouping of materials can be at-
tempted with respect to three temperature ranges.

1) 600-800°F: Most materials qualify for this temperature range.
However, Cubex alloy is preferred for use in stators at inductions up
to 18 kilogauss. H-11 steel and Maraging steel are recommended for
rotors and Supermendur in controls using high-quality, saturable-core
reactors.

2) 800-1100°F: Hiperco 27 alloy is suggested for high inductions and
Cubex alloy for inductions up to 15 to 18 kilogauss in stators. In rotors,
H-11 steel qualifies for the lower temperatures and Nivco alloy for the
higher temperatures in this range. Supermendur and Cubex alloys can
be used for controls with Cubex preferred for the higher temperatures.

3) 1100-1400°F: Hiperco 27 alloy is recommended for stators and
Nivco alloy for rotors in this temperature range.

Specific data and descriptions of the materials and test procedures discussed
above may be found in the Magnetic Materials Topical Report (WAED 64.52E).
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FIGURE II-2. Comparison of Stresses Required to Produce 0. 4 Percent Creep
Strain at the Indicated Temperature. Data Extrapolated from
Larson-Miller Presentations. (Reference: NAS 3-4162)

Figure II-2, Creep-Summary Data Sheet
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B. NEW TECHNOLOGY DEVELOPED

Shortly after the start of Contract NAS 3-4162, it was recognized that thin gage
(0.015 inch) H-11 and Nivco alloy were not production items. Nivco alloy was
not manufactured into forms other than bar stock and H-11 had not been rolled
thinner than 0.050 inch. It was likely that heat treatment of H-11 thin gage
material would be difficult because of a basic material susceptibility to de-
carburization. All of the technical problems associated with manufacture of
thin gage material were overcome by an extension of existing metal forming
technology and material was successfully made.

The measurement of high-temperature magnetic material properties were
established and the winding of test cores with high-temperature, insulated
clad wire developed.

A comprehensive analysis of mechanical, thermophysical, electrical, and
magnetic properties was conducted on all magnetic materials suitable for
high-strength, high-saturation and square loop applications at elevated tem-
perature in advanced space electric power systems.



SECTION III

INSULATION AND ELECTRICAL CONDUCTOR MATERIALS

A. SUMMARY OF TECHNICAL OBSERVATIONS.

The electrical conductors selected for evaluation and their maximum recom-
mended operating temperature were:

1) Nickel-clad, oxygen-free copper (1000°F).
2) Austenitic stainless-steel-clad zirconium copper (1200°F).
3) Austenitic stainless-steel-clad silver (1400°F).

4) Inconel-clad over columbium-clad over dispersion-strengthened
copper (1500°F).

5) Inconel-clad fine silver (1500°F).

6) Bare dispersion-strengthened copper (Cube alloy)( > 1600°F)

7) Bare dispersion-strengthened nickel (TD Nickel)(> 1300°F).
The above conductors have a wide range of temperature and environmental
capabilities. In some applications, the conductors may be required to with-
stand temperatures between 500° and 1600°F and/or an oxidizing atmosphere,

inert gas, hard vacuum, or alkali metal vapor.

Ideally, it would be desirable that a conductor for high temperature use (500°-
1600°F) have the following characteristics:

1) Low electrical resistivity.

2) A low-temperature coefficient of electrical resistivity.

3) Good resistance to oxidation and alkali-metal corrosion.

4) Acceptable mechanical properties over the temperature range 72°-

1600°F such that the conductor may be easily bent into coils yet able to
retain its physical shape in operation.



5) Easily joined to itself and other conductors.
6) Possesses a magnetic permeability approaching 1.00.
7) Possesses a low vapor pressure (for vacuum applications).

It was realized that no one material could possibly meet all the above criteria
for a high-temperature conductor and still be a reasonably priced item. It was
also apparent that the more stringent the operating conditions, the higher the
cost and the more difficult it would become to make, insulate, and form the
conductor coil. For this reason, a group of different and progressively more
complex conductors were selected for evaluation. The maximum safe operating
temperatures for long-time operation and both the desirable and non-desirable
characteristics are listed for each material in Table II1I-1. Electrical resis-
tivity as a function of temperature for these conductors is listed in Figure ITI-1.

The electrical insulation material evaluated are grouped into three temperature
ranges.

1) -65°to 400°F Polyimide base materials which are well suited to
long-term exposures to the environment of outer space. This class of
materials may be used in the form of magnet-wire insulation, flexible
sheet (both supported and unsupported), and rigid laminate. Diphenyl-
oxide glass laminate also shows good stability through the -65° to 400°F
range. At temperatures to 250°F, the epoxy-glass laminates are also
stable. Rigid or molded parts made of filled polyester or epoxy resins
may be used to 250°F while the polyimide molding resin (though some-
what more difficult to fabricate) is good to 500°F.

2) 400°to 1200°F This temperature range is above the practical oper-
ating limit of organic insulating materials. Magnet wire with ceramic-
base insulation coatings satisfactory for 1000°F application were Anaconda
CeramicEze (fused glass coating containing mixture of refractory oxides)
and Westinghouse R2554B (refractory oxides and glass frit in an organic
binder). Anaconda Anadur insulated wire (an E-glass fiber with refrac-
tory oxide and glass frit) proved to be the most durable and has an oper-
ating limit of about 1100° to 1200°F. Of the flexible inorganic sheet in-
sulations, the mica-glass-silicone materials have the best working
characteristics and a temperature capability of 1100°F in hard vacuum.
Synthetic -mica paper (Minnesota Mining & Mfg. Co. Burnil CM-1) and
silicate-fiber paper (Carborundum Company Fiberfrax) have satisfactory
characteristics to 1300°F, but consideration in design and special care

in handling must be used to obtain satisfactory performance. Boron-
phosphate -bonded asbestos laminate may be used to 1600°F in a gas-
filled system but only to 1200°F in a hard vacuum because of outgassing
of the material. Inorganically-bonded mica laminate (General Electric
Co. Mica Mat 78300) maintains adequate electrical and mechanical

10



SHQIYXa JIATIS PR[I-[MOIN

(-uoISSNISIP 10§ AES "$9 AAVM 335)
‘[ao1u 0) uostredIod Ur 9OUE]SISAT UOTIEPIXO PIAOT

‘sanjradoad £3171qe)S pue [BO1I1D3]3 Je[lwis
dwit s31 0] Uasoy> sem 3ulppeld [duody] - q

“g)ep Jnoy QOO ‘Z U0 paseq sInoy g0 ‘01 40j Liiqedes pajewnisy - e

pulM pue 31e[NSUT 0) NNOUNId "2

yjduaxns

aouejsisax ydy Axap 1 Jd.,0097 ueyl I131E3.1DH aanjeradwa) -ydry reuondasxy ‘| 192IN dL
areinsul 0} Aseq ¢
1032NpuUod
Jmonp Sututop  °Z PE[D 10} A}1ATIONPUOD YSTH 2 JaAflg autg
ayew 03 JNOHIp jeymawog ‘| d.00%1-.00€T O} Jue)SISaI [ejdW eV ‘I perD-19918-Ssaurels [z¢
puts pue ajensur o) 4seq ¢
J1019npuod
noyp 3ututop g pero 1oy £11A130Npuod Y3TH ‘g
ajew 0} }[NITJJIP Jeymawos | Jd.,008T 0} JUR)SISaI felow eyiy I (q)I9ATIS duld pero-1auosug
Jnotgyp Jututop ¢ Iaddo) pauayjdusag
ayew 0} }NJTJJIp Jeymauwog g J1030npuod yjduans -uotsaadsi(y ‘pPeID
purm pue aie[nsut o3 NdYNA ‘I A,0061 03 -ySry ‘juelsIsag [e}PW -V ‘T -wniquInio) ‘perd-iauoou]
1noIp Suturop g puta pue sje[nsut 0} 4seqd ¢
d,000T M012q saw} Juoy 10y J,006 01 31qeIs ¢ 13addo)p
saamexadwa) 03 pajrwly asn I 4,006 01 1500 MOT T 221]-U334XQ PEII-[34DIN
saanjexadwa)
11® 1€ peio o1eudew-uoN "¢
J.0021 A19rewrtxoadde
1NoIJIp Sutuiop g 0] YMOoua3 uread o) JUBISISaT 310D T 1addo) winiuodatz
9yeW 0} INOTHIP jeymawog | d.00€1-,002T 01 jug)sisad TejsW eIV [ pe1D-1331S-SSaurels »0¢
SurSe uo 103}oNpuUOd d[(EIS ISOW '€ (03d %1-nD)
91B[NSUI pUB WJOJ 0} YN2UJIg % 101onpuod AJTATIONPUOD ISAYSTH "¢ 1addo) pauayjduais
[e1aW I[Eq{E 0} Jue}SIsat JON ‘I A.,0091 UBY) I91R3ID I1039npuod yiduaays 1saystH 1 uotstadsiqg areg

SOTIS1Ia10BRIRY D) I[QBIISI(-UON

&

aanmiexadwa ] 3sn
[L-SU0T WNWIXBN

SOTISTI3108IBY D) 2[GRBIISa(d

1erIsie W

uoT)e31)S0AY] JI0J Pajod[as STBLISJEN J03}ONPUO)) [BO1III3H

"I-IIT 4" 1dV.L

11



"(%,82) PEID-12uodu] (%8) PeId-Wwniqunio) s YoTym toddo) peusyiduadis

-uotsaadsi( jdedoxy ealy I10319npuo) Jo %gg St Supperd 11V

"WNNJBA UT SI039Npuo)) Jo axnjexadwla], SnsIap AJATISISOY [BOLII091H

(d.) HYINLVYAdNG L

"T-T1T JYNOIA

000c 0081 0091 O00¥PT 002T 000 008 009 00¥ 00¢
PN AL &
Jaddop sa O \
1] 4,009 aa0qe xaddo) peID-193OIN { 4
4,009 03 12ddo) pe[D-19¥OIN PUE JSA[IS PBID-[33)S5-SSauUIeIS 12§ () A.Q\
J2A11S PRID-13u0du] O
aaddo) §g per)-wniquIn{o) pe[)-[auodu]
oo} (3sal puodag) 1addo) wniuodd1Z prI)-19918-SSITUTEIS H0€ O puntil]
m 91 OW\ =
0 -7, :
=
o
.d P
SsS e
=
o~
N —
25 gz
= Q
© X
o
,mm _W ve
Q
g
oy
417

ot

(4

4!

(WD-IWHOYDINW) X LIALLSISHY

Electrical Resistivity - Conductors

Figure III-1.

12




properties to 1100°F. Rigid insulation forms of 94 percent pure alumina
perform well up to 1200°F. Alumina is generally rated as having very
high stability at temperatures in excess of 1200°F, but the impurity con-
tent level of the 94 percent pure material prevents its application at high
electrical stresses above 1200°F. The encapsulation compounds suitable
for the temperature range 400°to 1200°F are Anaconda Anacap (refractory
oxides and glass with cementatious bonding materials) and Sauereisen
Cement Co., Sauereisen 8 (insulating cement of refractory materials);
however, both compounds are limited to a maximum operating temperature
of 1100°F.

The interlaminar insulations incorporating glass, aluminum, orthophos-
phate, or aluminum orthophosphate filled with either mica or Bentonite.
used on the magnetic materials, perform well under all operating con-
ditions to 1000°F.

3) 1200°to 1600°F Materials satisfactory for use in this temperature
range are limited to the higher-purity alumina and beryllia bodies (99%).
These bodies, molded and pressed and sometimes precision ground into
shapes with proper attention to equipment design, may be used satis-
factorily as electrical insulation. None of the ceramic-base wire coatings
studied on this program were satisfactory for use in this temperature range.
A promising plasma-jet-sprayed, high-purity alumina wire insulation be-
ing developed on other contracts is described in the Electrical Insulation
and Electrical Conductor Topical Report (WAED 64.53E).

The mechanical and electrical properties of Westinghouse W839 encap-
sulation compound (inorganic bonded refractory oxide) show this material
to be good to 1400°F. Outgassing properties, however, indicate that if
the material is to be exposed to a space vacuum at temperature, 1200°F
may be a more realistic operating temperature.

Specific data and descriptions of the materials and test procedures discussed

above may be found in the Electrical Insulation and Electrical Conductor
Topical Report (WAED 64.53E).

13




B. NEW TECHNOLOGY DEVELOPED.

No standard tests exist for determining the thermal conductivity of insulated
magnetic wire. Since the thermal conductance in a radial direction across
the diameter was desired for design purposes, a special spiral coil test
method was developed and the data are reported as "apparent' since they in-
clude the complete wire construction.

Dispersion strengthened copper (Cu-1% BeO) was developed into bare, high-
strength wire and into Inconel-clad wire with a columbium diffusion barrier.
This provides the highest temperature electrical conductor available with
good electrical conductivity.

A comprehensive comparative analysis of mechanical, electrical, weight loss
in vacuum at elevated temperature, thermal stability and thermophysical prop-
erties were conducted on insulation and electrical conductors suitable for
advanced space electric power systems operating in the -65° to 1600°F range.



SECTION IV

BORE SEAL

A. SUMMARY OF TECHNICAL OBSERVATIONS.

The bore seal provides a hermetic division between the corrosion sensitive
insulation portions of electric generators and motors and the alkali-metal
working fluids which are used in advanced space power systems.

The objective of this program was to identify properties of bore seal mate-
rial systems which are capable of long life at 1000°F and 1600°F when exposed
to potassium, sodium-potassium eutectic, and to lithium.

Static capsule tests were used to determine alkali-metal corrosion effects

on ceramic materials and ceramic-to-metal seals. The compositions of the
test materials were defined. The determination and control of alkali-metal
purity in the test capsules was emphasized particularly with regard to oxygen
contamination.

Alkali-metal loading of capsules was conducted in a vacuum -purge, inert-
atmosphere chamber. Use of this chamber limited the oxygen and water con-
tent of the alkali metals to a combined total of five parts per million.

The materials tested on this program were selected for their thermodynamic
stability, physical and mechanical properties, and fabricability.

Two major methods of joining ceramics to metals were investigated: the
metallizing -braze method and the direct-bonding, active-metal braze process.

In the seal development effort, thermodynamically stable secondary phases
were incorporated with the refractory metal metallizing base to replace the
more conventional manganese, titanium, or silica containing secondary phase.
Nine metallizing compositions were evaluated with alumina ceramics and five
with beryllia bodies. In general, the use of metallizing with high-purity
ceramics provided joints with lower strength than by active alloy brazes.
Electroforming and evaporated thin-film metallizing were also investigated.
The use of evaporated thin films of refractory metals on ceramics was found
to have promise as a wetting aid for active-alloy brazes.
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Fourteen active-metal braze alloys from the Titanium-Zirconium-Columbium-
Vanadium-Beryllium (Ti - Zr - Cb - V -Be) systems were evaluated with two
ceramics and two metal members. Three ceramic-braze-metal seal systems
and five alumina and beryllia bodies were evaluated after 500 hour exposures
to potassium, NaK, or lithium saturated vapors at 1000°F or 1600°F. Evalu-
ation was made by strength degradation measurements and metallographic
examination.

The most promising system for lithium exposure at 1000°F or for potassium
exposure at 1600°F consists of a ceramic body of Thermalox 998 beryllia,
brazing alloy of 56 % zirconium 28% vanadium 16% titanium, and a metal
member of columbium-1% zirconium. All tested specimens were vacuum
tight after exposure. Table I1V-1 summarizes the performance of ceramic-
to-metal seals in alkali metal environments.

Materials and test procedures are reported in the Bore Seal Topical Report

(WAED 64.54E) as are the thermophysical, electrical, and mechanical
properties of potential bore seal materials.
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B. NEW TECHNOLOGY DEVELOPED.

Silica has been recognized as one of the main influences on the alkali-metal
corrosion of ceramics. The quantitative effects of this compound have now
been determined in sintered alumina and beryllia bodies.

The use of ceramic modulus-of-rupture bars has made it possible to evaluate
both ceramic and ceramic-to-metal seal strength after exposure to alkali
metals.

Active-metal brazes have been processed which allow the satisfactory joining

of high-purity alumina and beryllia ceramics to metal members and the re-
sulting joints are hermetic and have good strength. These joints are also resis-
tant to alkali-metal corrosion at temperatures between 1000°F and 1600°F based
upon the 500 hour tests conducted.
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SECTION V

RECOMMENDATIONS

The following recommendations are the result of major observations made
during the program.

1) High-strength magnetic materials suitable for use in the rotor must
be developed so that lightweight generators and motors can be constructed
in the 1000° to 1600°F range. Emphasis in this area should be on improve-
ment of the magnetic properties.

2) Magnet wire insulation is presently available to only 1200°F. Flex-
ible insulation systems suitable for clad conductors in the 1500° to 1600°F
must be developed.

3) Larger bore seals should be constructed and the effects of larger sizes
under stress should be evaluated.

4) Materials have been evaluated under single environments at present.
Combinations of materials in the application geometry should be tested
to evaluate the effects of combined environments such as high-vacuum
and electric and magnetic fields.

19



